and from mammalian brain Tempel et al., 1988 ). An extensive homology between Drosophila and rodent brain K+ channel proteins was observed at the level of derived amino acid sequences Kamb et al., 1988; Pongs et al., 1988; Schwarz et al., 1988; Tempel et al., 1988; Christie et al., 1989; McKinnon, 1989) although the functional properties were rather different (Stuhmer et al., 1988; Christie et al., 1989) . Therefore it might be inferred that relatively small variations in amino acid sequences of channel forming proteins would be responsible for the diversity of voltage-gated K+ channels in mammalian neurones.
Introduction
Potassium (K+) channels are ubiquitous in membranes of both excitable and inexcitable cells (Hille, 1984; Latorre et al., 1984; Lewis and Cahalan, 1988) . A major function of K+ channels is to set the membrane potential and thereby regulate the electrical excitability of the cell. K+ channels are exceptionally diverse in their conductance and gating mechanisms, and most cells express several subtypes of K+ channels that are characterized by different functional and pharmacological properties (Moczydlowski et al., 1988; Rudy, 1988) .
Voltage-dependent K+ currents are important for shaping the action potential and can be broadly subdivided into practically non-inactivating 'delayed' IK(V) and rapidly inactivating 'transient' IK(A) outward currents (Hille, 1984) . Single-channel current recordings have revealed that both delayed and transient K+ currents are mediated by several subtypes of channels, which share some functional properties (Marty and Neher, 1985; Hoshi and Aldrich, 1988a,b) . This raises the question of the molecular distinction between the functional subtypes of K+ channels.
Knowledge about the molecular structure of voltage-
Results
Characterization of structurally related potassium channel subunits in rat brain Recently, we have characterized a rat brain cDNA named RCK1 , which expresses K+ channels after nuclear injection into X. 1aevis oocytes (Stuhmer et al., 1988) . The channels exhibit gating properties similar to those of non-inactivating delayed rectifier K+ channels in mammalian neurones. The gene expressing the RCK1 channel is apparently present only once in the haploid rat genome. When Southern blots of rat genomic DNA were probed with cDNA RCK1 under conditions of low stringency , additional hybridizing restriction fragments were detected. We have hybridized, with an RCK1 cDNA probe, a rat cortex cDNA library under conditions of low stringency and have screened for other cDNAs encoding RCKI related proteins.
Several hybridizing clones were isolated and sequenced.
The clones encoded three additional K+ channel subunits (RCK3, RCK4 and RCK5 respectively). 
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AACATCATTGATATCGTCTCCATTTTGCCTTACTTCATCACTCTGGGCACCGATCTGGCCCAGCAGCAGGGGGGTGGCAACGGCCAGCAG + 1308 Fig. 1. DNA sequence and predicted amino acid sequence of the rat cortex K+ channel forming protein RCK4. Nucleotides are numbered in the 5'-3' direction, beginning with the first residue of the ATG triplet encoding the methionine initiation site. The nucleotides on the 5' side of residue 1 are indicated by negative numbers. The number of the nucleotide residue at the right end of each line is given. The deduced amino acid sequence code (in one-letter code) is shown below the nucleotide sequence. Amino acid residues are numbered beginning with the methionine initiation site. Numbers of the last residues are given on the right-hand side. The non-sense codon TGA at the end of ORF is marked by an asterisk. The putative N-glycosylation and phosphorylation sites are indicated by bars. Dots denote the first upstream in frame stop codon in the 5'-untranslated sequence.
The sequence presented is a composite of several overlapping cDNA clones. The sequence of cDNA clone R521 was from nucleotide -492 to + 1783, that of cDNA clone R61 1 from nucleotide + 1094 to +2248, and that of cDNA clone R2a from nucleotide + 1578 to +3015.
sequence is shown in Figure 1 . The sequence is 3507 dependent phosphorylation site (Krebs and Beavo, 1979) Figure 1 ) and one potential cAMP-
The amino acid sequences of proteins RCK3 and RCK5 ( Figure 3 ). This analysis predicts that the RCK proteins include six hydrophobic, possibly membrane-spanning, segments. They have been designated S1-S6 as indicated in Figures 2 and 3 by analogy to the proposed models for the voltage-dependent sodium (Noda et al., 1984) and the Shaker K+ channels . These models orient the six proposed transmembrane segments S 1-S6 in a pseudosymmetric fashion across the membrane such that the amino and carboxyl termini are located on the cytoplasmic side and that the amino acid sequences joining segments S1 and S2, S3 and S4, and S5 and S6 are located on the extracellular side. The sequences of the proposed transmembrane segments S1-S4 of the RCK proteins are highly conserved, those of segments S5 and S6 are identical. 3238
If amino acid substitutions between Met, Leu, Ile and Val are regarded as conservative (Dayhoff et al., 1978) (Kamb et al., 1988; Pongs et al., 1988; Schwarz et al., 1988) . It is expressed into diverse mRNAs encoding variant IK(A)-channel subunits (Iverson et al., 1988; Timpe et al., 1988a,b (Figure 4 ). Southern blot experiments with RCK1 cDNA as probe have previously been published . Each RCK cDNA probe hybridized at high stringency to a few, but different restriction fragments of rat genomic DNA. Therefore, we conclude that RCK1, RCK3, RCK4 and RCK5 proteins are expressed from different single copy genes.
Functional expression of homomeric RCK channels in
Xenopus laevis oocytes The functional and pharmacological properties of the channels formed by the various RCK proteins were (Table   I ). Also, the voltage dependence of activation of these channels is similar (Table D) . In contrast, the current mediated by RCK4 channels activates at more negative potentials (--55 (Hille, 1984) . Noninactivating outward currents, e.g. in PC12 cells or frog spinal cord, are mediated by channels with a low (5-15 pS) channel conductance (Harris et al., 1988; Hoshi and Aldrich, 1988a,b) . Low conductance non-inactivating K+ channels which are DTX sensitive were found in rat sensory neurones (Feltz and Stansfeld, 1988) . Non-inactivating K+ channels which are DTX sensitive participate in regulating transmitter release (Dreyer and Penner, 1987) . K+ channels formed by RCK1 and RCK5 proteins are practically non-inactivating in the time range of hundreds of milliseconds, they are of low conductance and they are blocked by nanomolar concentrations of DTX. This may indicate that RCK1 and RCK5 proteins constitute the low conductance subclass of non-inactivating, DTX-sensitive K+ channels in the cell body and the endings of peripheral and central mammalian neurones.
Transient K+ outward currents which inactivate in tens of milliseconds are also mediated by a variety of channels (Hille, 1984) . In most mammalian neurones the channels which mediate rapidly inactivating currents have a conductance of 15-20 pS (Kasai et al., 1986; Hoshi and Aldrich, 1988a,b) . Fast inactivating K+ currents mediated by low conductance (5 pS) channels have only been found in medulloblastoma cells (Ruppersberg et al., 1988) . The RCK3 and RCK4 channels show some of the functional characteristics of channels mediating transient IK(A) type currents in neurones, in particular their inactivation properties. However, the single channel conductance of RCK3 and RCK4 channels is lower than those of IK(A)-channels in neurones and they are not sensitive to DTX as found for brain IK(A)-channels (Halliwell et al., 1986 may indicate that the neuronal IK(A) channels are formed by different subunits. The RCK4 protein could be one of the constituent subunits.
Structural implications Voltage-dependent gating which is accompanied by a gating current has been correlated with the structure of the proposed transmembrane segment S4 (Noda et al., 1984 (Noda et al., , 1986 Tanabe, 1987; Pongs et al., 1988) . This segment is present in virtually all voltage-sensitive channels and consists of the sequence motif Lys/Arg-X-X, repeated 4-8 times (X being a hydrophobic amino acid). It has been suggested that it is the S4 segment which renders an ion channel voltage the number of Lys/Arg-X-X repeats) of S4 segments of the Na+ channel correlates with a decrease in the slope of the voltage dependence of activation (Stuhmer et al., 1989) . A popular model is that the movement of charges caused by a voltage-dependent translocation of the S4 segment constitutes the gating current (Catterall, 1988; Guy, 1988 (Figure 2) and that of RCK1 protein with the Drosophila Shaker sequence showed that the central region of these K+ channel proteins has been highly conserved over > 600 million years. The highly conserved structures of the voltage-dependent K+ channels presumably participate in important and specific functions, e.g. the formation of a K+ selectivity filter and the physical gate. The conserved central region of the RCK proteins is interspersed with highly variable stretches of amino acid sequences (Figure 2) , mainly in the bend regions between the proposed transmembrane segments SI and S2, S3 and S4, and S5 and S6 respectively. Following the proposed orientation of the membrane-spanning segments across the membrane , these variable bend regions of the RCK channel proteins are located on the extracellular side. By analogy to what has been found for the pore formed by the acetylcholine receptor channel (Imoto et al., 1988) , rings of negative charges being near the mouth of the RCK channel are probably important for K+ transport rates. Therefore, the absence of negatively charged amino acid side chains in the S2-S3 bend region of RCK4 protein may explain why RCK4 channels have a lower conductance than the other RCK channels.
The affinity of the positively charged toxins DTX and CTX, which block K+ channels from the outside, should also depend on the number and kind of negatively charged amino acids being near or in the mouth of the K+ channel. Accordingly, K+ channels which are DTX sensitive should have in the S1 -S2, S3-S4 and/or S5-S6 bend regions an acidic amino acid residue that is not found at the equivalent position in DTX-insensitive channels. We have searched the amino acid sequences that face the extracellular side in the proposed topology of Shaker and RCK proteins for the presence or absence of distinct glutamic and aspartic acid residues. The results suggest that the reduced DTX sensitivity of Shaker, RCK3 and RCK4 channels may be due to a replacement of Glu 353 (RCKI) and, respectively, of Asp 354 (RCK5) in the S5-S6 bend region by uncharged amino acids. The pharmacological characteristics of RCK channels expressed in Xenopus oocytes (Table II) indicate that RCK channels have variant affinities to the K+ channel blockers DTX, MCDP and CTX respectively. This observation is comparable with previous biochemical work. Both equilibrium and kinetic measurements of radioiodinated DTX binding showed that two populations of DTX acceptors, associated with neuronal K+ channels, were discernible in preparations of chick synaptic membranes (Black and Dolly, 1986) and of rat brain membranes . The two DTX-acceptor subtypes bind (3-bungarotoxin either with high or low affinity. Only the latter subtype appears to be sensitive to MCDP also . Although the RCK1 channel is sensitive to DTX and MCDP, but not to 3-bungarotoxin (Stiihmer et al., 1988) , it is still a matter of conjecture whether and how the biochemically characterized toxinacceptors are related to the RCKI and RCK5 K+ channel proteins.
Since its discovery, CTX has been widely used to block Ca2+-activated K+ channels (Moczydlowski et al., 1988) . Recent studies have shown that CTX also blocks voltageactivated K+ channels (MacKinnon et al., 1989; Sands et al., 1989; Schweitz et al., 1989 al., 1989; Schweitz et al., 1989) . The sequence of the S3-S4 bend regions is quite variable among RCK proteins. Therefore, the CTX-binding function common to Ca2+-and voltage-activated K+ channels cannot presently be exploited to predict a similarity in sequence between these two classes of K+ channels.
Molecular basis of K+ channel diversity Two molecular principles have been discovered so far as the basis of voltage-sensitive K+ channel diversity. In the case of the Shaker protein family, diversity is generated by multiple alternative splicing of a large primary transcript into a family of variant mRNAs. In the case of the RCK proteins family described here, the diversity is generated by the expression of variant RCK genes which were apparently derived from a common ancestor gene. Recently, the Shaker protein family has been extended by additional members (Butler et al., 1989) . However, the genes Shab, Shaw and Shal have a homology which is not as extensive as that of RCK to Shaker proteins (the sequence identity of the integral membrane portion is -50 %). Thus, K + channel diversity could result from the expression of an extended gene family, as well as from alternate splicing of primary transcripts. Our earlier proposition that members of the Shaker family form homo-or heteromultimeric structures, possibly also with components coded in other parts of the Shaker complex or even outside of it ) offers yet another molecular basis for the great diversity of K+ channels. This raises the possibility that RCK proteins form heteromultimeric structures. The assembly of such structures could increase dramatically the possible number of functionally diverse K+ channels derived from the RCK gene family.
Screening of rat brain cDNA library A rat brain cDNA library kindly provided by P.Seeburg (ZMBH, Heidelberg) was screened at low stringency according to Benton and Davis (1977) . The hybridization was performed in 5 x SSC (20 x SSC is 3 M sodium chloride, 0.3 M sodium citrate, pH 7.0), 0.1% bovine serum albumin, 0.1% Ficoll, 0.1% polyvinylpyrollidone, 100 /Lg/ml denatured salmon sperm DNA, 50 mM sodium phosphate (pH 7.0), 0.1 % SDS, 43 % deionized formamide at 37°C for 12 h (McGinnis et al., 1984) . Filters were washed twice in 2 x SSC, 0.1 % SDS for 5 min at room temperature, followed by two washes for 15 min each at 42°C. The probe was a labelled fragment from RCK1 cDNA . Recombinant DNA was propagated in ERI host-vector system under L2 containment conditions, as defined in the guidelines of the Federal German Government for recombinant DNA research. Recombinant DNA was isolated according to Maniatis et al. (1982) . 32P-labelled DNA probes were prepared with an oligonucleotide labelling kit (Boehringer). Restriction maps and sequencing Restriction maps were derived by a combination of complete, single and double digests followed by gel electrophoresis of the resulting fragments on 0.7% agarose gels (Maniatis et al., 1982) . cDNAs were subcloned into Bluescript and deletions were generated with DNase I according to Lin et al. (1985) . Deleted subclones were selected after plasmid minipreparation, restriction digestions and agarose gel electrophoresis. The dideoxy nucleotide sequencing technique was used for sequencing both strands of overlapping cDNA subclones (Sanger et al., 1977) .
RNA synthesis and injection into oocytes cRNA was prepared from cDNA as described in Stiihmer et al. (1988) . After storage at -20°C the cRNA was injected into oocytes of Xenopus laevs (stage VbNVI) in portions of 50 nl/oocyte (concentration 0.5 mg/ml).
The expression of RCK channels was detectable in nearly every oocyte on the second day after injection with a maximum at days 4-6. Incubation in Barth's medium at 19°C as described by Methfessel et al. (1986 
